1. Introduction {#sec1-toxics-08-00024}
===============

Cadmium (Cd) is an environmental pollutant that causes renal toxicity in animals and humans after chronic exposure in the diet \[[@B1-toxics-08-00024]\]. Due to both the high affinity of Cd for sulfhydryl moieties in biomolecules within cells and the difficulty of excretion from cells, the biological half-life of Cd in the human kidney has been calculated to be more than 25 years \[[@B2-toxics-08-00024]\]. The renal accumulation of Cd results in characteristic renal toxicity is known as Fanconi syndrome at the advanced stage \[[@B3-toxics-08-00024],[@B4-toxics-08-00024],[@B5-toxics-08-00024]\]. Cd accumulation in the proximal tubules of the kidney has been believed to disturb the reabsorption of the luminal biomolecules, which are filtered through the glomerulus into proximal tubule epithelial cells (PTECs). Animals and humans exposed to Cd for a long time show increased urinary excretion of glucose, amino acids, and low-molecular-weight (LMW) proteins such as β~2~-microglobulin (β~2~-MG) and metallothionein (MT) \[[@B6-toxics-08-00024],[@B7-toxics-08-00024],[@B8-toxics-08-00024]\]. Enhanced urinary levels of β~2~-MG have been used as sensitive and reliable indicators of Cd-induced renal tubular damage \[[@B9-toxics-08-00024],[@B10-toxics-08-00024]\].

The reabsorption of luminal biomolecules including β~2~-MG and MT by PTECs is mediated by megalin-dependent endocytosis at the apical membrane of PTECs \[[@B11-toxics-08-00024],[@B12-toxics-08-00024],[@B13-toxics-08-00024],[@B14-toxics-08-00024]\]. However, many studies on Cd cytotoxicity have focused on the mechanisms of cell lethality, including apoptosis caused by Cd \[[@B15-toxics-08-00024],[@B16-toxics-08-00024],[@B17-toxics-08-00024]\], and only a few studies have examined Cd's direct effects on the efficiency of protein reabsorption by PTECs \[[@B18-toxics-08-00024],[@B19-toxics-08-00024]\], especially under conditions where PTECs are surviving in the presence of Cd.

Recently, we developed an in vitro experimental system using mouse PTEC-derived S1, S2, and S3 cells, which maintain fundamental features of S1, S2, and S3 segment-specific expression of genes including metal transporters \[[@B20-toxics-08-00024],[@B21-toxics-08-00024]\]. In the present study, we attempted to develop an in vitro experimental system for evaluating the endocytosis efficiency of LMW and high-molecular-weight (HMW) proteins into S1 and S2 cells derived from the S1 and S2 segments of proximal tubules where the reabsorption of glomerular-filtered proteins is highly active. To visualize and quantify the amounts of endocytosed proteins, we used fluorescent-labeled albumin, transferrin, β~2~-MG, and MT. Here, we show that flow cytometric analyses of the incorporation of fluorescent-labeled proteins into cultured PTECs can be used to quantitatively evaluate endocytosis efficiency. By using this in vitro assay system, we detected decreases in the endocytic uptakes of β~2~-MG and MT in cultured PTECs exposed to Cd.

2. Materials and Methods {#sec2-toxics-08-00024}
========================

2.1. Materials {#sec2dot1-toxics-08-00024}
--------------

Mouse anti-megalin monoclonal antibody was purchased from Abcam (Cambridge, MA, USA). Goat anti-cubilin polyclonal antibody was purchased from Santa Cruz Biotechnology (Dallas, TX, USA). Rabbit anti-transferrin receptor polyclonal antibody was purchased from Abnova (Taipei, Taiwan). Rabbit anti-β-actin polyclonal antibody, rabbit anti-Early Endosome Antigen 1 (EEA1) antibody, anti-rabbit IgG HRP-linked antibody, anti-mouse IgG HRP-linked antibody, and anti-goat IgG HRP-linked antibody were purchased from Cell Signaling Technology (Danvers, MA, USA). Alexa 555 anti-rabbit IgG antibody was purchased from Invitrogen (Carlsbad, CA, USA). Albumin-fluorescein isothiocyanate conjugate was purchased from Sigma-Aldrich (St. Louis, MO, USA), and Alexa Fluor^®^ 488-conjugated ChromPure Mouse Transferrin was purchased from Jackson ImmunoResearch Laboratories (West Grove, PA, USA). Immortalized human renal proximal tubular epithelial cells (hRPTECs: CRL-4031) was obtained from ATCC (American Type Culture Collection, Manassas, VA, USA).

2.2. Cell Culture {#sec2dot2-toxics-08-00024}
-----------------

S1, S2 cells, and hRPTEC were cultured in Dulbecco's modified Eagle's medium/Ham's Nutrient Mixture F12 supplemented with 5% fetal bovine serum (FBS), 1 μg/mL insulin, 10 ng/mL epidermal growth factor, 10 μg/mL transferrin, and penicillin/streptomycin under 5% CO~2~ at 37 °C, as described previously \[[@B20-toxics-08-00024]\]. Cells were used at the passages of 3--10 from the stocked original cells.

2.3. Purification of Recombinant Proteins and Their Fluorescent Labeling {#sec2dot3-toxics-08-00024}
------------------------------------------------------------------------

The cloned mMT-I/pGEX-4T-1 plasmid and mouse β~2~-MG/pGEX-4T-1 plasmid were transformed into BL21(DE3)pLysS (Promega, Madison, WI, USA). The selected transformed cells were grown in 10 mL SOB medium containing 50 μg/mL ampicillin for 16 h at 37 °C until the optical density at 600 nm reached 0.3--0.4. The expression of MT and β~2~-MG proteins was induced by incubation with 1 mM IPTG for 6 h at 37 °C. The cultured cells were harvested by centrifugation at 8000 rpm for 10 min at 4 °C, and the GST-fusion proteins were purified by using MagneGSTTM Protein Purification (Promega). After a dialysis against PBS, the GST-fusion MT and GST-fusion β~2~-MG proteins were digested with thrombin (GE Healthcare, Buckinghamshire, UK). The lysates were loaded onto GST GraviTrapTM gravity-flow columns (GE Healthcare) to remove GST proteins, and the lysates were loaded onto a Benzamidine Sepharose 4 Fast Flow resin (GE Healthcare) to remove thrombin.

The purified recombinant MT and β~2~-MG proteins were conjugated with fluorescein isothiocyanate (FITC) by Fluorescein Labeling Kit-NH2 (Dojindo, Kumamoto, Japan). For FITC-labeled albumin and Alexa-labeled transferrin, commercially available albumin-fluorescein isothiocyanate conjugate and Alexa Fluor^®^ 488-conjugated ChromPure Mouse Transferrin, respectively, were used.

2.4. Fluorescence Imaging of the Labeled Proteins in S1 Cells {#sec2dot4-toxics-08-00024}
-------------------------------------------------------------

S1 cells grown in glass-bottom dishes were incubated with each fluorescent-labeled protein and Hoechst33258 for 30 min, washed with phosphate-buffered saline (PBS), fixed with 4% paraformaldehyde in PBS for 5 min on ice, and then permeabilized with 0.5% TritonX-100 in PBS for 15 min at room temperature.

For the immunostaining of EEA1 to detect the early endosome, the fixed cells were washed with PBS and incubated with a blocking buffer containing bovine serum albumin (BSA) in PBS for 0.5 h at room temperature. The cells were then incubated with an anti-EEA1 antibody at a 1:100 dilution in blocking buffer for 1 h at room temperature. After washing with PBS, the cells were incubated with Alexa 555 anti-rabbit IgG at a 1:500 dilution in blocking buffer for 1 h at room temperature.

The distributions of FITC-albumin and Alexa-transferrin were visualized by a Nikon A1R-Si HD confocal microscope (Nikon, Tokyo, Japan), and those of FITC-MT and β~2~-MG were visualized by a BZ-X700 all-in-one fluorescence microscope (Keyence, Osaka, Japan).

2.5. Assay for Sensitivity to Cd {#sec2dot5-toxics-08-00024}
--------------------------------

Cells were plated on 96-well plates at a density of 3 × 10^3^--2 × 10^4^ cells per well, incubated for 24 h in Cd-free medium, and then treated with CdCl~2~ for 1, 3, or 6 days. The media were not changed during the Cd exposure period. The alamarBlue^®^ assay (Invitrogen) was used to determine cell viability. AlamarBlue solution was premixed with fresh medium and added to the 96-well plates. After incubation for 2 h, the reduction in alamarBlue by active cells was determined by absorbance at 540 nm and expressed as the percentages compared to that of control cells.

2.6. Measurement of Endocytosis Efficiency by Flow Cytometry {#sec2dot6-toxics-08-00024}
------------------------------------------------------------

Endocytosis efficiency was determined by using flow cytometry (Guava easyCyte 6HT/2L; Millipore, Billerica, MA, USA). S1 and S2 cells (1 × 10^5^ cells in 6-well dishes) were cultured with Cd at the concentrations of 10 or 15 µM for 1 day, 1 or 3 µM for 3 days, and 0.1 or 0.5 µM for 6 days. hRPTECs were cultured with Cd at the concentrations of 5 or 25 M for 3 days. After the media were changed to Cd- and serum-free ones, the cells were incubated with each fluorescent-labeled protein for 30 min, washed three times with 0.5 mL ice-cold PBS, and then harvested and subjected to flow cytometry. In order to quantify the percentages of cell populations incorporating fluorescent proteins, the populations were divided into quadrants, and the percentages of the cell populations in the lower-right section were calculated.

2.7. Immunoblot Analysis {#sec2dot7-toxics-08-00024}
------------------------

Cells were harvested with a lysis buffer, and the extracted proteins were separated by SDS polyacrylamide gel electrophoresis (7.5--10%) and electrophoretically transferred to a polyvinylidene fluoride membrane. The transblots were preincubated with 5% nonfat dry skim milk or BSA in Tris-buffered saline (TBS, pH 7.4) and then incubated overnight with the antibody against each protein. After washing with TBS/0.05% Tween 20, the membranes were incubated with either anti-rabbit, anti-mouse, or anti-goat IgG HRP-linked antibody (1:3000). The membrane was rinsed with TBS/0.05% Tween 20, and the immunoreactive bands were developed by ECL systems (Millipore Billerica, MA, USA).

2.8. Statistical Analysis {#sec2dot8-toxics-08-00024}
-------------------------

Statistically significant differences were determined by one-way ANOVA followed by Bonferroni multiple comparisons using a Statcel 3 software (ver. 3, OMS Publication, Saitama, Japan, 2012).

3. Results {#sec3-toxics-08-00024}
==========

3.1. Fluorescence Imaging of Endocytic Uptakes of the Labeled Proteins into Mouse PTECs {#sec3dot1-toxics-08-00024}
---------------------------------------------------------------------------------------

We first confirmed the incorporation of fluorescent-labeled proteins into mouse PTECs with confocal and fluorescence microscopes. As shown in [Figure 1](#toxics-08-00024-f001){ref-type="fig"}A, the green fluorescent signals of FITC and Alexa488 were clearly detected in S1 cells 30 min after the addition of FITC-labeled albumin, β~2~-MG, MT, and Alexa-labeled transferrin. The yellow fluorescent signals observed in the cells indicate the overlapping of the red fluorescence of the antibody against EEA1 and the green fluorescence of the proteins, suggesting the incorporation of the labeled proteins into the early endosomes.

[Figure 1](#toxics-08-00024-f001){ref-type="fig"}B shows the time-dependent changes in the fluorescent signals of transferrin that showed the strongest fluorescent intensities. The green signals of transferrin began to be detected within cells 1 min after the addition of the protein. Yellow fluorescent signals, indicative of the incorporation of transferrin into the early endosomes, began to appear at 10 min and then increased up to 30 min. Thus, the results of the fluorescence imaging provided evidence for endocytic incorporation of the labeled proteins into S1 cells.

3.2. Quantification of Endocytic Uptakes of the Labeled Proteins into Mouse PTECs {#sec3dot2-toxics-08-00024}
---------------------------------------------------------------------------------

Next, we set up a quantification system for determining the endocytosis efficiency of each protein into the cells by using flow cytometry. The cells were cultured with each fluorescent-labeled protein for 30 min, washed, harvested, and applied to flow cytometry. As shown in [Figure 2](#toxics-08-00024-f002){ref-type="fig"}, the percentages of the cell population in lower-right section in the quadrants were used as the indicator of endocytosis efficiency (%). Based on the results of preliminary experiments, the amounts of the labeled proteins were decided to be 25 µg/mL for albumin and transferrin and 50 µg/mL for β~2~-MG and MT as the optimal conditions for incorporation. We used both S1 and S2 cells derived from the S1 and S2 segments of mouse proximal tubules, respectively, since both cell lines showed similar expression levels of megalin, cubilin, and transferrin receptor, which are essential for endocytosis in PTECs ([Figure S1](#app1-toxics-08-00024){ref-type="app"}). We determined the time-dependent changes in endocytosis efficiency for each protein ([Figures S2 and S3](#app1-toxics-08-00024){ref-type="app"}). Although these data are obtained by preliminary experiments, it was shown that the uptake rates of albumin and transferrin during 30 min were almost the same between S1 and S2 cells while those of β~2~-MG and MT were lower into S2 cells than into S1 cells. Since most proteins showed maximal uptakes at 30 min, the effects of Cd exposure on the endocytic uptakes of these proteins were examined 30 min after the addition of the labeled proteins in the subsequent experiments.

The high efficiency of transferrin incorporation into S1 and S2 cells may be partially caused by the expression of transferrin receptor in these cells ([Figure S1](#app1-toxics-08-00024){ref-type="app"}). It is known that the transferrin receptor in PTECs is expressed in the basolateral \[[@B22-toxics-08-00024]\] and apical \[[@B23-toxics-08-00024]\] membranes, whereas megalin and cubilin are expressed at the apical membrane \[[@B24-toxics-08-00024]\], suggesting that both uptake systems for transferrin contribute to the highly efficient uptake into the endosomes in S1 cells.

3.3. Effects of Cd Exposure on the Endocytic Uptakes of the Labeled Proteins into Mouse PTECs {#sec3dot3-toxics-08-00024}
---------------------------------------------------------------------------------------------

Before examining the effects of Cd exposure on the endocytic uptakes of the labeled proteins into S1 and S2 cells, we checked the lethal toxicity of Cd in S1 and S2 cells using the alamarBlue assay ([Figure 3](#toxics-08-00024-f003){ref-type="fig"}). Based on the results of this assay, we selected sublethal doses of Cd, as indicated by the arrows in [Figure 3](#toxics-08-00024-f003){ref-type="fig"}, for the subsequent endocytosis experiments. We also attempted to use much higher doses of Cd (5 µM Cd for 3 days and 1 µM Cd for 6 days), but S1 and S2 cells could not survive these concentrations of Cd when cultured in 6-well plates for endocytosis experiments. The discrepancy in cytotoxicity between the 96-well (alamarBlue^®^ assay) and 6-well plates may be attributable to the differences in cell density. Therefore, in the endocytosis experiments we used 10 and 15 µM Cd for 1 day, 1 and 3 µM Cd for 3 days, and 0.1 and 0.5 µM Cd for 6 days. Under these conditions, very few cells were found to be detached from the plates at the end of Cd exposure, and the three-times washing of the cells with ice-cold PBS before harvesting did not result in the detachment of the cells. Thus, the effects of Cd on the endocytosis efficiencies in the following experiments were carried out with the cells including least populations of dead cells.

After the exposure of S1 cells to Cd at these concentrations for 1, 3, and 6 days, the endocytic uptakes of the labeled albumin and transferrin into S1 cells were examined ([Figure 4](#toxics-08-00024-f004){ref-type="fig"} and [Figure S4](#app1-toxics-08-00024){ref-type="app"}). However, Cd exposure did not affect the endocytic uptake of either albumin or transferrin. On the other hand, the endocytic uptakes of β~2~-MG and MT were affected by Cd exposure depending on the exposure duration ([Figure 5](#toxics-08-00024-f005){ref-type="fig"}). The 1- and 3-day exposures of S1 and S2 cells to Cd resulted in statistically significant decreases in the endocytic uptake of β~2~-MG ([Figure 5](#toxics-08-00024-f005){ref-type="fig"}A), whereas only the 3-day exposure to Cd resulted in statistically significant decreases in endocytic uptakes of MT ([Figure 5](#toxics-08-00024-f005){ref-type="fig"}B and [Figure S4](#app1-toxics-08-00024){ref-type="app"}). The 6-day exposure to Cd did not cause any significant decreases in endocytic uptakes of either β~2~-MG or MT in either cells.

3.4. Effects of Cd Exposure on the Endocytic Uptakes of the Labeled Proteins into Human PTECs {#sec3dot4-toxics-08-00024}
---------------------------------------------------------------------------------------------

To test whether Cd exposure also affects endocytic uptakes of β~2~-MG and MT in human PTECs, we utilized hRPTECs, an immortalized cell line derived from human kidney PTECs. Since the effects of Cd on the endocytic uptakes of β~2~-MG and MT in mouse S1 and S2 cells were clearly detected after the 3-day exposure to Cd ([Figure 5](#toxics-08-00024-f005){ref-type="fig"}), hRPTECs were exposed to Cd for 3 days. Prior to the endocytosis experiment, we checked the sensitivity of hRPTECs to Cd. As shown in [Figure 6](#toxics-08-00024-f006){ref-type="fig"}A, hRPTECs were highly resistant to Cd compared with S1 or S2 cells. Therefore, we used 5 and 25 µM Cd for endocytosis experiments in hRPTECs. As shown in [Figure 6](#toxics-08-00024-f006){ref-type="fig"}B, the endocytic uptakes of both β~2~-MG and MT were significantly reduced by 3-day exposure to Cd.

4. Discussion {#sec4-toxics-08-00024}
=============

Disturbances in the tubular reabsorption of glomerular-filtered biomolecules by PTECS in kidney are a hallmark of Cd-induced nephrotoxicity. The urinary excretion of β~2~-MG has been particularly widely used as an indicator of renal tubular dysfunction among residents of Cd-polluted areas \[[@B6-toxics-08-00024],[@B9-toxics-08-00024],[@B10-toxics-08-00024]\]. However, the precise mechanisms underlying Cd-induced dysfunctions of tubular reabsorption of LMW proteins by PTECs have not been fully investigated. This is partly due to the lack of a proper in vitro experimental system.

In the present study, we developed an in vitro experimental system for evaluating the endocytosis efficiency of fluorescent-labeled proteins into cultured PTECs derived from mouse and human kidney. The endocytic uptakes of the labeled proteins and their cellular localization were confirmed by fluorescence imaging ([Figure 1](#toxics-08-00024-f001){ref-type="fig"}). Flowcytometric analyses of the fluorescent-labeled proteins have enabled us to quantitatively evaluate the uptake rates of labeled proteins into S1 and S2 cells ([Figure 2](#toxics-08-00024-f002){ref-type="fig"}). The exposure of these cells to sublethal doses of Cd for 3 days resulted in significant decreases in the endocytic uptakes of β~2~-MG and MT ([Figure 5](#toxics-08-00024-f005){ref-type="fig"}), but not in those of albumin or transferrin ([Figure 4](#toxics-08-00024-f004){ref-type="fig"}). These results demonstrated that the assay system developed in this study permitted the detection of Cd-induced declines in renal reabsorption of LMW proteins in cultured PTECs. The reason for the absence of the effects of Cd after 6-day exposure remains unknown. Possibly, more complicated factors are involved in the 6-day exposure than the 3-day exposure experiments. Although future studies are required for the mechanisms of Cd-induced decreases in the LMW protein uptakes, this assay system may be useful for screening other renal toxicants that may cause damage in tubular reabsorption.

To date, epidemiological studies in humans and experimental studies in animals have linked increases in urinary excretion of LMW proteins such as β~2~-MG with the loss of functional PTECs and nephrons in the kidney at the advanced stage of Cd nephrotoxicity \[[@B25-toxics-08-00024],[@B26-toxics-08-00024]\]. Most mechanistic studies on Cd cytotoxicity have focused on the molecular pathways leading to Cd-associated cell death and not on the direct effects of Cd on the endocytic uptakes of LMW proteins in living PTECs \[[@B15-toxics-08-00024],[@B16-toxics-08-00024],[@B17-toxics-08-00024]\]. However, the effects of moderately higher, but not lethal, doses of Cd on the reabsorption efficiencies of LMW proteins by the surviving PTECs remain unclear. The results of this study demonstrated that a 3-day exposure to Cd resulted in significant declines in the endocytic uptakes of β~2~-MG and MT under the conditions in which nonlethal doses of Cd were used. This could not be ascribed simply to the increase in dead cells after Cd exposure, since no effects were observed in the endocytosis efficiencies of albumin or transferrin ([Figure 4](#toxics-08-00024-f004){ref-type="fig"}) and only the surviving cells that were not detached from the plates during Cd exposure were used for flow cytometry analyses. Although a few studies have investigated the effects of Cd on the interactions of LMW proteins with megalin/cubilin systems in cultured renal cells \[[@B18-toxics-08-00024],[@B19-toxics-08-00024]\], the present study utilized flow cytometry for quantitatively evaluating the endocytosis efficiency of the proteins and showed the effects of Cd on the uptakes of LMW proteins in cultured PTECs.

Although many epidemiological studies undertaken in Cd-polluted areas have demonstrated that urinary excretion of β~2~-MG is an excellent biomarker for renal tubular dysfunctions \[[@B6-toxics-08-00024],[@B9-toxics-08-00024],[@B10-toxics-08-00024]\], recent evidence suggested that β~2~-MG plays much broader roles as a biomarker not only for tubular dysfunctions, but also for glomerular dysfunctions as well as non-renal diseases \[[@B27-toxics-08-00024]\]. The results of our in vitro study added a piece of evidence that the decreased incorporation of β~2~-MG into renal tubular cells is involved in Cd-induced kidney damages. Future studies are required to test whether the decrease in the β~2~-MG incorporation into renal tubular cells is inducible specifically by Cd, or commonly by other renal toxicants using this assay system.

Compared with the uptakes of β~2~-MG and MT, those of albumin and transferrin by S1 cells appear to be far less sensitive to Cd toxicity ([Figure 4](#toxics-08-00024-f004){ref-type="fig"}). Many human studies have suggested that the urinary excretion of β~2~-MG, a LMW protein, reflects damage in renal tubular reabsorption, whereas the urinary excretion of albumin, an HMW protein, may reflect the dysfunction of glomeruli \[[@B28-toxics-08-00024],[@B29-toxics-08-00024],[@B30-toxics-08-00024]\], although recent evidence has indicated that tubular reabsorption of albumin should not be ignored \[[@B31-toxics-08-00024]\]. The results of this study also demonstrated that substantial amounts of albumin can be taken up by cultured PTECs. Although the differences in the endocytic pathways between HMW albumin and LMW β~2~-MG remains unclear, the higher sensitivity of β~2~-MG than albumin in this in vitro assay system may reflect the in vivo observation that β~2~-MG is the most sensitive indicator for renal tubular damage caused by Cd exposure \[[@B28-toxics-08-00024],[@B29-toxics-08-00024]\]. Regarding the comparisons between HMW and LMW proteins, the differences in molecular weights, i.e., albumin and MT, could have affected the endocytosis efficiency because we used 25 µg/mL albumin and 50 µg/mL MT as the optimal conditions, not based on a molar basis, in this assay.

The strengths and limitations of this study should be noted. (1) The use of flow cytometry enabled the quantitative evaluation of the endocytosis efficiencies of fluorescent-labeled proteins, (2) the use of both mouse- and human-derived PTECs enabled the confirmation of reproducibility of Cd effects, and (3) the use of sublethal doses of Cd enabled the sensitive detection of the effects of Cd on the PTECs that survived the lethal toxicity of Cd. However, the observed effects of Cd on the endocytosis efficiencies of β~2~-MG and MT were not so marked, though statistically significant, and the involvements of Cd cytotoxicity on the results of flow cytometry may not be completely excluded. Since the in vivo dysfunctions of renal tubular reabsorption generally occur under conditions where a large part of nephrons and PTECs is lost \[[@B25-toxics-08-00024],[@B26-toxics-08-00024]\], the in vitro effects of renal toxicants on the endocytosis efficiency in the living PTECs may reflect only a part of the whole events of renal dysfunction. Nevertheless, this in vitro assay system may provide a useful tool for the future screening of other renal toxicants and for more detailed mechanistic studies.

For future applications of this assay system to the detection of possible renal toxicants damaging tubular reabsorption, the merits and disadvantages of this system should be discussed here. Since mouse S1 and S2 cells and human hRPTECs are all immortalized cell lines, they can provide reproducible and reliable results compared with the primary cultured PTECs prepared freshly from the proximal tubules of kidney. In this study, both mouse and human PTECs showed decreases in endocytic uptakes of β~2~-MG and MT after the 3-day exposure to Cd. However, approximately ten times higher concentrations of Cd were required in hRPTECs than in S1 and S2 cells to produce similar detrimental effects ([Figure 6](#toxics-08-00024-f006){ref-type="fig"}) due to the high Cd resistance of hRPTECs, which is the major drawback of using hRPTECs. S2 cells showed a lower efficiency of endocytic uptakes of β~2~-MG and MT than S1 cells, whereas the uptake efficiencies of albumin and transferrin were similar to those of S1 cells ([Figure 2](#toxics-08-00024-f002){ref-type="fig"}). Although both S1 and S2 cells showed significant decreases in endocytic uptakes of β~2~-MG and MT ([Figure 5](#toxics-08-00024-f005){ref-type="fig"}) when exposed to Cd for 3 days, S1 cells may be more preferable for screening renal toxicants that affect the endocytic uptakes of LMW proteins, since the uptake efficiencies of LMW proteins under unexposed conditions are stable and reliable in S1 cells. We are now planning a screening study using S1 cells to test whether other renal toxicants affect the endocytic uptakes of β~2~-MG.

5. Conclusions {#sec5-toxics-08-00024}
==============

The aim of this study was to establish an in vitro assay system for evaluating the efficiency of endocytic uptakes of LMW and HMW proteins labeled with fluorescent moiety in cultured PTECs. Flowcytometric determinations of the uptakes of the fluorescent-labeled proteins into mouse S1 and S2 cells and human hRPTECs enabled us to find that a 3-day exposure to Cd resulted decreased endocytic uptakes of β~2~-MG and MT in all these cells. Thus, these cells, especially S1 cells, proved to be useful for the elucidation of the mechanisms of Cd-induced dysfunctions of renal tubular reabsorption. In future studies, this in vitro system can be used to investigate the effects of Cd exposure on the expression of megalin and cubilin at the apical membrane, the functions of mitochondria, which provide the energy for endocytosis, and other machineries required for the process of endocytosis. This system may also serve as a tool for studying the mechanisms of other toxicants causing renal tubular dysfunctions.

The following are available online at <https://www.mdpi.com/2305-6304/8/2/24/s1>, Figure S1: Expression levels of the proteins involved in endocytosis in S1 and S2 cells, Figure S2: Time-dependent changes in endocytic uptakes of albumin, transferrin, β~2~-MG, and MT, Figure S3: Time-dependent changes in endocytic uptakes of albumin, transferrin, β~2~-MG, and MT, Figure S4: Effects of Cd on the endocytosis efficiencies of albumin and β~2~-MG into S1 cells.
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![Fluorescence imaging of endocytosed proteins in mouse proximal tubule epithelial cell (PTEC)-derived S1 cells. (**A**) S1 cells were incubated with 50 µg/mL fluorescein isothiocyanate (FITC)-albumin, Alexa-transferrin, FITC-β~2~-MG, or FITC-MT (green) for 30 min and then fixed with paraformaldehyde for immunofluorescence labeling with anti-EEA1 (red). Yellow staining demonstrates the colocalization of fluorescent-labeled proteins and early endosomes. (**B**) S1 cells were incubated with Alexa-transferrin for 1, 5, 10, 15, and 30 min. The localization of Alexa-transferrin (green) and early endosomes stained with anti-EEA1 (red) was visualized by confocal microscopy. Bars, 5 µm.](toxics-08-00024-g001){#toxics-08-00024-f001}

![Evaluation of endocytosis efficiency of the fluorescent-labeled proteins by using flow cytometry. The cells were cultured with each of the fluorescent-labeled protein for 0 or 30 min and applied to flow cytometry. Typical quadrant data of each protein in S1 cells were shown here. X-axis indicates fluorescent intensity and y-axis indicates side scattering. The untreated cells (0 min) showing the auto-fluorescence were gated to be the lower-left section in the quadrants. The cell populations in the lower-right section were expressed as the percentage of total cells and used as the indicator of endocytosis efficiency (%) in the subsequent experiments.](toxics-08-00024-g002){#toxics-08-00024-f002}

![Cytotoxicity of Cd in S1 and S2 cells. S1 (open circles) and S2 (closed circles) cells cultured in 96-well plates were incubated with the indicated concentrations of CdCl~2~ for 1, 3, and 6 days. Cell viability was determined by alamarBlue^®^ assay and expressed as a percentage of the nontreated cells. From these results, the Cd concentrations to be used in the subsequent experiments were determined (arrows). Data are presented as means ± SD (*n* = 4--6). Statistically significant difference between S1 and S2 cells was indicated as \*\* *p* \< 0.01.](toxics-08-00024-g003){#toxics-08-00024-f003}

![Effects of Cd on the endocytosis efficiencies of albumin and transferrin into S1 cells. S1 cells were exposed to CdCl~2~ for 1, 3, and 6 days and then incubated with FITC-albumin (**A**) or Alexa-transferrin (**B**) for 30 min. The endocytosis efficiencies were determined by flow cytometry and expressed as percentages of the control cells (no exposure to Cd). Data are presented as means ± SD (*n* = 3--4).](toxics-08-00024-g004){#toxics-08-00024-f004}

![Effects of Cd on the endocytosis efficiencies of β~2~-MG and MT into S1 and S2 cells. S1 and S2 cells were exposed to CdCl~2~ for 1, 3, and 6 days and then incubated with FITC-β~2~-MG (**A**) or FITC-MT (**B**) for 30 min. The endocytosis efficiencies were determined by flow cytometry and expressed as percentages of the control cells (no exposure to Cd). Open and closed columns represent S1 and S2 cells, respectively. Data are presented as means ± SD (*n* = 3--4). Statistical significance of the dose dependence determined by one-way ANOVA was detected in the following settings: day1-S1 cells (*p* \< 0.05), day1-S2 cells (*p* \< 0.05), day3-S1 cells (*p* \< 0.05), and day3-S2 cells (*p* \< 0.01) for β~2~-MG (**A**), and day3-S1 cells (*p* \< 0.05) and day3-S2 cells (*p* \< 0.05) for MT (**B**). Statistical significances compared with the control cells determined by Bonferroni multiple comparisons are indicated as \* *p* \< 0.05, \*\* *p* \< 0.01 (S1 cells) and \# *p* \< 0.05, \#\# *p* \< 0.01 (S2 cells).](toxics-08-00024-g005){#toxics-08-00024-f005}

![The effects of Cd exposure for 3 days on the endocytosis efficiencies of β~2~-MG and MT into hRPTEC human renal cells. (**A**) Cell viability was determined by alamarBlue assay and expressed as the percentages of the nontreated cells. From these results, the Cd concentrations to be used in the endocytosis experiment were determined (arrows). Data are presented as means ± SD (*n* = 4--6). (**B**) The cells were exposed to CdCl~2~ for 3 days and then incubated with FITC-β~2~-MG or FITC-MT for 30 min. The endocytosis efficiencies were determined by flow cytometry and expressed as percentages of the control cells (no exposure to Cd). Data are presented as means ± SD (*n* = 3--4). Statistical significance of the dose dependence determined by one-way ANOVA was detected in both β~2~-MG (*p* \< 0.05) and MT (*p* \< 0.05). Statistical significance compared with the control cells determined by Bonferroni multiple comparisons are indicated as \* *p* \< 0.05.](toxics-08-00024-g006){#toxics-08-00024-f006}
